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I nhalational aerosol therapy is widely used as a method to deliver bronchodilators and antibiotics in the treatment of cystic fibrosis (CF). It is commonly accepted that the ideal particle size for pulmonary deposition at the level of the lower airways is within the range of 1 and 5 mm in diameter, and, from this concept, the respirable fraction (RF) of aerosol output has been defined as the mass of drug carried in droplets 5 mm or less (1) (2) (3) , although it is recognized that data in the pediatric age group are limited and in vitro data may not correlate with in vivo data (4) . While the combination of particle size distribution, gas flow driving the nebulizer and the fill volume is recognized as a factor that contributes to nebulizer efficiency and performance (3) , these considerations are often not taken into account when making institutional purchasing decisions. The effects of dead volume (V D ), the volume of solution remaining in the nebulizer at the end of nebulization, has not been adequately studied with regards to the efficiency of a nebulizer. Conceptually, if a nebulizer is filled with a highly concentrated drug with a total charge volume only slightly larger than the inherent V D of that device, little drug will be aerosolized. Another issue not often considered when evaluating output characteristics is the effect of evaporative losses during the nebulization process and the resultant concentration of the initial solution. It is known that using gravimetric methods alone to calculate aerosolized drug output can lead to significant error (5) (6) (7) (8) , especially when using a dry gas source (9) (10) (11) , as is common in many hospital settings.
The reusable breath-enhanced type of nebulizers such as the LC Jet Plus (Pari Respiratory Equipment Inc, Midlothian, Virginia), the LC Star (Pari Respiratory Equipment Inc) and the Medic-Aid Ventstream (Medic-Aid Ltd, Pagham, United Kingdom) have been shown to be more efficient in vitro (12) and in vivo (13) ; however, they are predominantly limited to home use. This is largely because of the issues surrounding sterilization processes for in hospital use, and the significant cost of these reusable (compared with disposable) devices has led to widespread use of standard disposable nebulizers in hospitals. Many clinicians and purchasing agents have assumed that the various brands of nebulizers available are comparable in their capacity to generate and deliver therapeutic aerosols, despite several studies suggesting the contrary (1, 6, 14, 15) . In a cost-conscious health care environment, the unit price is a major determining factor for bulk purchases made by hospital purchasing agents (personal communication).
Seven institutions affiliated with the University of Toronto were surveyed before this study, and none was using the reusable breath-enhanced nebulizers. We, therefore, focused our evaluation on four types of disposable jet nebulizers to reflect the current practices of these hospitals. At The Hospital for Sick Children, Toronto, Ontario, 6996 nebulizers were purchased over the previous 12 months, and the number of aerosol treatments (although not on hospital records) likely exceed this number by approximately four to five times because each disposable nebulizer is used for several administrations for each patient.
In this study, we investigated the effects of V D , RF and flow through the nebulizer on the efficiency of each device including the effects of evaporative losses while nebulizing medications commonly used to treat CF within a hospital setting. The cost effectiveness of each device was examined, taking into consideration the estimated pulmonary deposition for each brand of nebulizer, and the cost of medications, labour and the nebulizer.
METHODS AND MATERIALS
Of the seven Toronto hospitals surveyed; four institutions were using the Misty-Neb nebulizer (Baxter Healthcare Corp, Valencia, California); two institutions were using the Acorn II nebulizer (Marquest, Englewood, Colorado); and one institution was using the Whisper Jet nebulizer (Marquest) (WJ). The Hudson 1730 Updraft II nebulizer (Hudson, Temecula, California) was not in use in any of the institutions surveyed; however, it was chosen for this study because of its commercial availability. Previous work (2, 3, 12) with this device indicated that it was a nebulizer of reasonable performance (more than 50% of the output was in the RF [16] ). Each of the nebulizers listed above are widely available throughout North America. Six nebulizers of each type were assessed in terms of V D , RF, the drug output within the RF (O RF ) and the time required to complete nebulization, using flows in the operating range recommended by each manufacturer. The driving gas was air from a 50 psi compressed dry gas source. To control inadequate 'back pressure compensation' (2, 3) , the rotameter used was calibrated specifically for each device at the exit port of the nebulizer using a flow calibration instrument (Timeter RT200, Allied Health Care Products, St Louis, Missouri) to ensure accuracy of driving flows at 6 and 8 L/min. Because these nebulizers are designed as disposable units and not engineered to withstand repeated use, two sets of six of each type of nebulizer were selected. Each set was comparable with the others of its type in terms of particle size distribution and output for saline, as well as back pressure at flows of 6 and 8 L/min. Standard pediatric doses of medications commonly administered by the aerosol route in the treatment of CF (2, 17) were used in the assessment of each type of nebulizer. The two drug regimens are outlined below:
• 0.5 mL (2.5 mg) salbutamol (Salbutamol Respirator Solution, 5 mg/mL, PharmaScience Inc, Montreal, Quebec) with 3.5 mL of 0.9% saline solution; or • 2 mL (80mg) tobramycin (Nebcin 40 mg/mL, Eli Lilly Canada Inc, Scarborough, Ontario) with 2 mL of 0.9% saline solution. The weight of each nebulizer was determined using an electronic balance (Metler PJ400, Fisher Scientific, Nepean, Ontario) to define the dry, and pre-and postnebulization weights. As outlined above, the total fill volume of each nebulizer was 4 mL (3) based on a unit density of 1 g/mL, prenebulization weight minus dry nebulizer weight equaled 4 g). End nebulization was defined as the period of 30 consecutive seconds when no aerosol was generated (1, 6, 18, 19) . V D was determined by subtracting the dry nebulizer weight from the postnebulization weight. The nebulized volume output of each nebulizer was determined by subtracting the postnebulization weight from the prenebulization weight. However, the nebulized volume output is not equivalent to the total nebulized drug output because the aerosol output is a combination of drug, water vapour and saline solution. Constant evaporation occurs and results in the concentration of the solution in the nebulizer during the nebulization process (6, (20) (21) (22) . Because the total drug output rather than volume output is the concern, the evaporative losses were measured by the changes in osmolality of the solutions pre-and postnebulization by vapour pressure osmometry (model 5500, Wescor Inc, Logan, Utah). Osmolality ratios have been shown to reflect accurately concentration ratios of tobramycin and salbutamol (23) . Thus, the drug concentration remaining in the V D postnebulization was calculated as V D times the initial drug concentration times the fraction of the osmolality postnebulization over prenebulization. The total nebulized drug output was then calculated by subtracting the amount of drug remaining in the V D from the initial drug dose at the start of nebulization.
Summary of calculations
Fill Volume = Weight pre -Weight dry (4 mL for all nebulizers)
where weight was measured in grams; volume was based on a solution unit density of 1 g/mL; O T is the total nebulized drug output (mg); D i is initial drug dose (mg); C i is initial concentration of solution (mg/mL); osm post is the osmolality postnebulization (mmol/kg) and osm pre is the osmolality prenebulization (mmol/kg).
The particle size distribution of the aerosol droplets was measured by He-Ne laser diffractometry (Malvern Mastersizer X, Malvern Instruments, Worcestershire, United Kingdom) to avoid the effects of droplet drying often encountered with the use of cascade impaction (24, 25) . Each nebulizer was vertically clamped, and the aerosol was directed through the laser beam at a distance of 24 mm from the face of the lens and 20 mm from the optical plane (24) . Due to the latent heat loss during evaporation, the temperature of the nebulizing solution rapidly decreases from ambient to approximately 10°C, and during this time the aerosol droplet size can be variable, but will remain constant once this temperature is reached until the end of nebulization (18) . The particle size measurements were, thus, made at 2 mins from the start of nebulization, allowing for the temperature to reach equilibrium. The Mastersizer X uses the principle of Fourier optics to determine the pattern of light scattering as a cloud of aerosol is passed through the laser in front of a 100 mm receiving lens. Aerosol droplets diffract the light at an angle that is inversely proportional to the droplet size. The light diffracted through the lens is then captured on a photosensitive collector plate located at the focal length of the lens. The droplet size distribution can then be computed based on the intensity of light detected on each of the annular rings of the collector plate. The Mie Theory of light scattering was used to interpret the data generated because it accounts for the spherical transparent nature of the aerosol droplets. The actual drug content in each droplet is not measured using this technique but rather the diameter of the droplets from which volume can be calculated, and the mass of the drug contained in them is proportional to the volume. Larger droplets (10 µm) contain more drug, but also have a lower probability of entering and depositing in the lung, while droplets with a diameter less than 5 µm have a higher probability of entering and depositing in the targeted airways (1), although comparatively they carry less drug. RF was obtained from the measured particle size distribution, and the respirable drug output from the nebulizer was calculated using the following equation:
Product specifications for each brand of nebulizer were obtained from the respective manufacturers, and the authors attempted to predict each nebulizer's efficiency based solely on the literature provided. In the laboratory, the authors replicated the testing conditions identified by the specifications for each product and used the same testing solutions to generate comparable data. Cost analysis: The analysis was based on the efficiency of each nebulizer, and included the cost of the medication, the device and the cost for the administration by a respiratory therapist. Nebulizer efficiency was defined as the percentage of the initial drug dose that was available as respirable aerosol from each type of nebulizer. To estimate the pulmonary drug deposition when using each type of nebulizer, some basic assumptions were made for the ease of relative interproduct comparisons. Given that these nebulizers are all constant output devices that will not alter output despite any pa-tient respiratory activity, it was assumed that for most patients (excluding any small child with a mean inspiratory flow that was less than the driving flow of the nebulizer), all the aerosol generated would be inhaled during inspiration and that it was wasted during expiration. Hence, using a respiratory muscle 'duty cycle' (26) of 0.43 (average duty cycle measured in 43 pediatric CF patients [27] ), more than half of the output was lost. Estimated pulmonary drug deposition (D E ) was the product of the duty cycle and the O RF .
Because nebulizer efficiency is directly related to D E , the cost analysis was based on the D E that could be accomplished when using each of the four types of nebulizers and included the aforementioned costs. The total cost of aerosol drug delivery was prorated by calculating the cost of the additional drug and therapist time required when using the least efficient nebulizers in order to achieve the same D E attainable in a single aerosol treatment when using the most efficient nebulizer. These additional costs were calculated using an efficiency factor derived for each nebulizer at both 6 and 8 L/min.
The efficiency factor was the D E of the most efficient nebulizer divided by the D E of the nebulizer in question where the efficiency factor for the most efficient nebulizer was 1.00
RESULTS
The efficiency was both flow and device dependent. The Updraft II was consistently the most efficient nebulizer, while the WJ was consistently the least efficient. This is illustrated in Figure 1 , which include means and 95% CIs. The Updraft II demonstrated a 1.6-to twofold greater efficiency, at flows of 8 and 6 L/min, respectively, than that of the WJ. The differences between the Misty-Neb or the Acorn II and the Updraft II were not large, but all three types of nebulizers were strikingly more efficient than the WJ. In all four nebulizers, the efficiency of each device was less when using 4 mL of saline only compared with the efficiency of the same device when using a 4 mL solution of medication and saline.
Although the particle size distribution depended on both the device and flow, it was independent of the various nebulizing solutions tested. Therefore, the data for RF of the different nebulizing solutions were combined for each individual nebulizer type (Figure 2 ). Values for V D were both device and solution dependent but independent of flow; thus, data for both flows were pooled. Figure 3 was higher for saline than for the 4 mL medication charges, which were virtually identical.
was higher for saline than for the 4 mL medication charges, which were virtually identical. When the mean RF and V D values for each nebulizer are compared, the Updraft II produced the highest mean RF and a low mean V D , while the WJ produced the lowest mean RF and the highest mean V D . The recorded nebulization times are listed in Table 1 . In this aspect, the Updraft II proved to have the best performance.
The calculated D E for each nebulizer was also a reflection of its efficiency. The Updraft II yielded the largest D E for each drug trial, while the WJ consistently yielded the lowest. Although the Misty-Neb had the lowest unit cost per nebulizer, it was the Updraft II that demonstrated the most costeffectiveness overall because of its efficiency and shorter nebulization times. In assessing the total cost for a single aerosol treatment, the WJ proved to be the most expensive nebulizer to use, while delivering the least medication. Table 1 presents the cost analysis and includes labour costs of a respiratory therapist (at an average hourly wage of $23.00), and the mean nebulization times of each nebulizer as listed in Table  2 .
The prorated costs are provided in Table 3 . The costs for additional salbutamol and tobramycin are not shown in the table but are included in the listed prorated total costs. The potential for cost savings can be seen by comparing the cost of using the Updraft II and the WJ. It would be necessary to administer two consecutive aerosol treatments using the WJ nebulizer at a flow of 6 L/min to deliver the same amount of medication to the lungs without increasing the dosage to achieve the same pulmonary dose in a single aerosol treat-ment when using the Updraft II nebulizer. The extra cost incurred to administer two consecutive treatments of salbutamol or tobramycin increases the total cost to $14.96 and $21.56, respectively. In all cases, the material cost of the nebulizer represented only a small fraction of the total cost. Table 4 shows a comparison of the particle size measurements made in the laboratory to the manufacturer specifications. No other data comparisons could be made with the manufacturer data because values for V D , RF and output were not available. Wide discrepancies exist between the Table 4 , the manufacturer has provided the mass median aerodynamic diameter (MMAD) because cascade impaction was employed for particle sizing.
DISCUSSION
This study demonstrates that four commonly used disposable jet nebulizers were clearly different in efficiency and performance, and it has shown that the data provided by each manufacturer are insufficient to evaluate the efficiency of a device. We assessed nebulizer performance by examining the V D of each nebulizer, RF generated, O RF and time required for each nebulizer to reach the end of nebulization. The Hudson 1730 Updraft II consistently outperformed the other three devices. In contrast, the Marquest WJ's performance ranked the lowest. Our cost analysis has shown that the cost of drug delivery is directly dependent upon the efficiency of the nebulizer rather than the unit cost of the device. If the differences in the nebulizing flow are considered, the particle size distributions observed were in keeping with other studies (14, 28) . While the calculation of expected D E was based upon specific assumptions, these assumptions were the same for each device so, even if not absolutely correct, they would not change the relative advantages of one device compared with another.
For the purpose of this investigation, as in keeping with other studies (1, 6, 18, 19) , 30 s without aerosol production was identified as end nebulization. In the trials using the Updraft II, the generation of intermittent aerosol was limited, and, thus, it was easy to assess this endpoint. This was not true of the other three nebulizers, which produced an intermittent output for a prolonged period of time before reaching dryness. Had a shorter time interval been required, for example, 10 s (2,3), the endpoint for the Misty-Neb, WJ and the Acorn II would have been reached sooner, and the calculated output for each nebulizer would have been less than the values actually recorded. However, the output values for the Updraft II in this case would have been minimally affected. We have avoided performing rigorous statistical analyses in this study because the small differences observed in some of the data may have achieved statistical significance due to the small standard deviations in the data while having no clinical significance. Data are presented with the 95% CIs so that cli- nicians may judge for themselves the significance of the results reported here to their practice. This is not the first study to illustrate the in vitro differences in nebulizer performance, but it is unique in demonstrating the impact of the V D on the efficiency of a device with regards to total nebulized drug output when the effect of evaporative losses are taken into consideration. The RF observed for the four devices is within the range reported in previous studies (14, 15, 19, 29) . Hess et al (6) reported V D data, unfortunately nebulizer specific comparisons were not possible because the data in this study were pooled for all nebulizer types for different flow and volume settings. Weber et al (15) stated that the V D was consistently between 1 and 2 mL for the jet nebulizers that they tested; however, data were not shown and no direct comparisons could be made. Other attempts at direct comparison between the existing performance data in the literature proved difficult because conditions such as particle size measurement technique, fill volume, nebulizing agent, driving gas source and flow varied from study to study, and data on V D were rarely available (30) .
The combination of a nebulizer's V D and its particle size distribution ultimately determine its efficiency. V D is inversely proportional to the output of a nebulizer, while the RF, as determined by the particle size distribution, is directly proportional to the output that is available for pulmonary deposition. Factors such as surface tension and charge volume can affect the inherent V D of a device and, thus, alter its efficiency. A nebulizing solution with a lower surface tension results in a smaller V D (2,3), while using a larger charge volume (4 mL or more instead of 3 mL, for example) results in a lower concentration of drug in the V D (6, 11) . Both of these factors result in a greater and more efficient aerosolized drug output. Our results indicate that the efficiency of saline output parallels the efficiency of drug output when using a 4 mL charge volume; however, it was lower in all four nebulizers tested. Water has a surface tension of 72.8 mN/m (31), and the surface tension of saline is similar, but when mixed with medications, surface tension may differ depending upon the concentration and the specific properties of that agent. Coates et al (3) and Hurley et al (19) have found the surface tension of a 4 mL (20 mg/mL) solution of tobramycin and saline to be 66 mN/m and 54 mN/m, respectively. A study by MacNeish et al (2) compared two different salbutamol preparations, and demonstrated that the preparation with a surface tension similar to that of water yielded a lower nebulized salbutamol output. Thus, using saline as a proxy for medication is not appropriate to judge the efficiency of a nebulizer when administering a specific agent. The evaluation of efficiency should include the device, the source of the nebulizing gas flow in combination with the drug and the dilutant intended for nebulization.
Manufacturer performance specifications for nebulizers usually include only particle size data (MMAD), often generated by nebulizing saline and measured by cascade impaction. These data should be reviewed with caution because measurements made by cascade impaction are very dependent on the flow and relative humidity of the gas used to draw the aerosol into the impactor. Thus, drying of the droplets occurs and results in an artificially small particle size (24) . This may explain some of the discrepancies between our data and those of the manufacturers. Furthermore, no values for measured V D or output have been quoted, resulting in very little information on which to base decisions about the appropriate nebulizers to use.
Our data indicate that a change from a less efficient (Misty-Neb, Acorn II and WJ) to a more efficient nebulizer such as the Updraft II can increase the pulmonary availability of a drug by more than twofold without increasing the frequency or the dose of the medication; at the same time, it can potentially be a source of cost savings for an institution. The prorated costs in Table 3 may seem somewhat artificial because it may be more practical to simply increase the initial dose of an inexpensive drug when using the less efficient nebulizers. However, drug dosage is rarely based on nebulizer performance. In clinical practice where the frequency of administration of a drug such as salbutamol is dependent upon the clinical response to the drug, using a low efficiency nebulizer may result in less deposition, and, thus, an increased frequency of administration may be necessary to achieve the desired clinical response. There is evidence in the literature that demonstrates the clinical impact of using a greater efficiency nebulizer over a device with lower efficiency (13) . For a drug such as tobramycin where the clinical response to treatment is not immediate, using a low efficiency nebulizer may result in suboptimal pulmonary levels. Furthermore, changing the practice from face mask to mouthpiece aerosol administration would result in a further twofold increase in pulmonary deposition (32) . Our results suggest that labour costs far outweight the cost of medication; however, the agents in question are relatively inexpensive. With other drugs such as the new preparation of tobramycin (TOBI), rhDNase or colistin, which are being proposed for the treatment of CF, the cost of the medication alone may exceed the other costs, and, in these cases, using the most efficient nebulizer will be of utmost importance.
CONCLUSIONS
This study has shown that proper cost analysis of aerosol therapy should include the cost of the medication, the unit cost of the nebulizer, labour costs and, most important, the output efficiency of the nebulizer. Manufacturer specifications of nebulizer performance are insufficient to predict the efficiency of a device because proper evaluation depends upon the accurate measurement of drug output, which must include measurement of the V D , changes in concentration of the solution during nebulization and accurate particle size analysis. Unfortunately, V D is rarely reported despite its major role in determining nebulizer efficiency. A corollary of these findings is that caution must be exercised when interpreting studies that use different jet nebulizers. For example, in previous clinical trials (33) (34) (35) (36) (37) (38) , where several different nebulizing systems were approved for use (39) to evaluate a standardized dose of 2.5 mg of rhDNase, the variablity in outcome may have been attributed, at least in part, to the different levels of pulmonary deposition attained by different conventional nebulizers and a breath-enhanced nebulizer. Standardization of the performance of aerosol administration systems is necessary to allow clinicians to specify the device to be used when prescribing a specific drug dose.
